Introduction
Ruthenium(II) complexes of polypyridyl ligands with the ability to bridge multiple metals have been extensively studied [1, 2] , for example in the context of light harvesting antennae [3] , to study electron transfer processes [4, 5] and for molecular electronics [6, 7] .
Multinuclear complexes of linearly conjugated ligands exhibit interesting photophysical and electrochemical properties that, dependent on the nature of the bridging ligand [8, 9] , often possess the ability to facilitate metal-metal interactions through their conjugated bridges.
Carbon-based molecular wires also show excellent metal-metal interactions over quite large distances [10, 11] that are again facilitated through their linearly -conjugated systems. In contrast, the nature of metal-metal and metal-ligand interactions that result from other modes of -electron communication, in particular cross-conjugation [12] , have received limited attention [13, 14] .
Radialenes are cross-conjugated molecules, with the general formula C 2n H 2n (figure 1a), that possess n ring atoms and n exocyclic double bonds [12, 15, 16, 17] . A straightforward method of accessing stable hexaaryl [3] radialenes, using Fukunaga's method of reacting stabilized carbanions with tetrachlorocyclopropene [18, 19] , was first reported by Oda [20, 21] . As a consequence, this advance led to an increase in the availability of [3] radialene derivatives, including compounds able to coordinate transition metals, such as hexa(2-pyridyl) [3] radialene (1) (figure 1b) [22, 23] and hexakis(4-cyanophenyl) [3] radialene (2) (figure 1c) [20, 21] . These compounds possess six metal binding sites and have the potential to be involved in bridging multiple metal centres through their unique cross-conjugated scaffold.
Figure 1.
The structures of (a) [3] -radialene, (b) hexa(2-pyridyl) [3] radialene (1); (c) hexakis(4-cyanophenyl) [3] radialene (2) and hexakis(3-cyanophenyl) [3] radialene (3); and (d)
4,4'-dicyanodiphenylmethane (4) and 3,3'-dicyanodiphenylmethane (5).
The coordination chemistry of hexaaryl-and hexa-heteroaryl [3] radialenes has been studied to a limited extent [23] [24] [25] [26] [27] . Two isomers (rac and meso) of a dinuclear bis(2,2'-bipyridyl)ruthenium(II) complex incorporating 1 have also been reported [28] , although no metal-metal interactions were observed. The present contribution details the synthesis and spectroscopic properties of the first ruthenium(II) complexes of ligand 2 and its isomer hexakis(3-cyanophenyl) [3] radialene (3) (figure 1c), as well as investigations into the dinuclear complexes of the diaryl methane precursors, 4,4'-dicyanodiphenylmethane (4) and 3,3'-dicyanodiphenylmethane (5) (figure 1d).
Experimental section

General procedures
Melting points were determined using a Gallenkamp variable heat melting point apparatus 
X-Ray crystallography
A crystal of 11 was mounted under oil on a nylon loop and X-ray diffraction data collected at 150 K with synchrotron radiation (λ = 0.7107 Å) using the Macromolecular
Crystallography beamline (MX1) at the Australian Synchrotron [32] . The data set was corrected for absorption using a multi-scan method, and structures were solved by direct methods using SHELXS-97 [33] and refined by full-matrix least squares on F2 by SHELXL-97 [34] , interfaced through the program X-Seed [35] . All non-hydrogen atoms were refined anisotropically and hydrogen atoms were included as invariants at geometrically estimated positions. CCDC 939490 contains the supplementary crystallographic data for this structure. 
Results and discussion
Synthesis
Eight discrete ruthenium complexes (6-13) were synthesised (chart 1). Based on the synthesis of related compounds by Bruce [36] and Low [37] The synthesis of RuCp(PPh 3 ) 2 complexes of the radialene ligands was more challenging.
For reactions involving either 2 or 3, multiple products were observed when high M:L ratios (between 2:1 and 5:1) were used. The products of these reactions were identified as a mixture of species in the case of 2, specifically a mononuclear complex 8 and three different isomers (table 2) , the structure of which was previously reported by Low [37] . One phenyl ring of 5 is involved in weak face-to-face π-stacking with the dppe ligand of one ruthenium metal centre (phenyl ring centroid-to-centroid distance of 4.071 Å) whilst the second is involved in edge-to-face stacking with the dppe ligand of the other ruthenium atom (phenyl ring centroid-to-centroid distance of 4.699 Å). [37] . In [Ru(NCPh)(dppe)Cp*]PF 6 these two transitions can be differentiated as absorption maxima at 310 and 346 nm [37] and can be observed in complexes 10 and 11 as absorption maxima at 321 and 309 nm with shoulders at 347 and 343 nm respectively. Ref. [37] . sh = shoulder.
Hexaaryl [3] radialene compounds have strong absorption bands between 460-490 nm (figure 3), attributed to the π-π* transition, which account for their intense orange or red colouring. Coordination to ruthenium affects this absorption band slightly with a red shift seen for complexes 8 and 12 (absorption maxima of 495 and 499 nm respectively compared to 486 nm for 2) and a blue shift seen for complexes 9 and 13 (absorption maxima of 455 and 449 nm respectively compared to 466 nm for 3). The red shift of complexes 8 and 12 is as expected due to the stabilisation imparted by coordination to the cationic ruthenium species.
Furthermore, the para substitution of the donor nitrile groups on the propeller-like radialene scaffold positions the coordinated ruthenium metal centre close in space to the nitrile group on an adjacent arm of the radialene which may result in a degree of intramolecular charge transfer. Such interactions have been observed to produce a red shift in extended hexaaryl [3] radialenes with appended triarylamine moieties (λ max ~600 nm) compared to their precursor, hexakis(4-bromophenyl) [3] radialene (λ max 485 nm) [43] . Conversely the blue shifts of complexes 9 and 13 are unexpected. Blue shifts of ligand π-π* transitions are often due to reduced conjugation or a distortion in the ligand structure (vide infra). Unfortunately, the aromatic region of 1 H NMR spectra of complexes 9 and 13 are too complicated to ascertain whether distortion of the radialene ligand is present.
The free radialenes 2 and 3 also exhibit absorption peaks in the ultraviolet region at 302
and 291 nm respectively. These peaks overlap with the Ru dπ -Cp MLCT and Ru dπ -NCR π* MLCT transitions in the absorption spectra of the ruthenium complexes of 2 and 3, as indicated by a broadening of the peaks although no significant shift in absorption maxima was observed. (minor decreases from 620 to 619 and 617 nm respectively, compared to 2) as well as complexes 9 and 13 (slight increases from 576 to 581 and 578 nm respectively, compared to 3). A red shift is expected, as seen for 9 and 13, while complexes 8 and 12 show a blue shift.
However, in all cases the change in wavelength is only a few nanometres, and given the broadness of the maxima not likely to be particularly significant. The Stokes shifts for the radialene containing complexes are 120, 122, 132, 123 nm for 8, 12, 9, and 13 respectively (compared with 131 and 115 nm for 2 and 3). The Stokes shifts for complexes 8 and 12
decrease due to the red shift of their respective UV-visible absorption maxima as discussed above, whereas the opposite is observed for complexes 9 and 13.
Cyclic voltammetry of complexes 6, 7, 10 and 11 ( [42] which shows that the extension of the benzonitrile ligand via a methyl spacer has no effect on the electronic properties of the adjacent ruthenium centre. Only one oxidation wave is observed for these complexes confirming that no communication occurs between the metal centres due to the insulating methylene spacer of the dinitrile ligands 4 and 5. A similar observation is noted for complexes 10 and 11 which exhibit oxidation potentials within the margin of error for the equivalent benzonitrile complex [Ru(NCPh)(dppe)Cp*]PF 6 (+1.10 V) [37] . Again only one oxidation wave was observed. Complexes 8, 9, 12 and 13 were not stable in the presence of supporting electrolyte and thus no electrochemical studies were completed. Ref. [37] . sh = shoulder.
Conclusion
In summary eight new ruthenium complexes have been synthesised; four of these are dinuclear complexes of diarylmethanes 4 and 5. Due to synthetic challenges, only mononuclear complexes of radialenes 2 and 3 with Ru(PPh 3 ) 2 Cp and Ru(dppe)Cp* were able to be obtained as single products. An anticipated red shift occurs for the -* transition in complexes 8 and 12 (4-cyano derivative) due to the stabilisation imparted by coordination to the ruthenium centre. Surprisingly, a blue shift was observed for complexes 9 and 13. For the meta isomer 3 it is possible that coordination of the bulky ruthenium species is causing a structural distortion or a reduction in conjugation for the ligand structure and hence the blue shift. In terms of electrochemical potentials of the Ru(PPh 3 ) 2 Cp and Ru(dppe)Cp* centres in dinuclear complexes 6, 7, 10 and 11, the diarylmethane ligands 4 and 5 have almost no effect on the redox properties of the metals which display similar oxidation potentials to [Ru(NCPh)(PPh 3 ) 2 Cp]PF 6 and [Ru(NCPh)(dppe)Cp*]PF 6 and only one oxidation wave.
Unfortunately, the possibility of directly exploring the effect of cross-conjugation in the [3] radialene series on metal-metal interactions was rendered impossible by difficulties in cleanly isolating targeted dinuclear and trinuclear complexes. Thus, while such multidentate [3] radialene ligands offer interesting opportunities in terms of the electronic properties of high nuclearity complexes, challenges in accessing such species remain.
